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ABSTRACT

Using nine elements of the !{fontana LASA, long-period body
wave radiation was detected at S/N ratios as low as 1 for syn-
thetic test cases. 1In these instances beamforming the 9 matched
filter outputs improved the S/N ratio bv a factor of 2 over
straightforward phased summation of the vraw data. For real data,
the results are less satisfactory. However, from a limited
sequence of Kurile Island events we establish an approximate
threshold of mo= 5 above which we can detect long-period
body wave radiation. The results demonstrate the need for a
better understanding of long-period body wave excitation as a

function of magnitude and focal depth for earthquakes.
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INTRObUCTION

Recently, Alexander and Rabenstine (1967a, 1967b) successfully
applied the matched filter technique to the problem of detecting
surface wave radiation from small events located at considerable
distance from the receiving stations. However, there are no re-
ported applications of this method to the detection of long-period
body wave radiation ffbm such events. While body waves are not
the most conspicuous phases on long-period seismograms, the pres-
ence or absence of long-period body wave radiation may prove to
be useful diagnostic in the classification of seismic events. For
example, it is well known that negligible long-period body wave
energy was radiated by LONG SHOT (long-period seismograms from
WMO are shown in Figure la) which had a short-period body wave
magnitude (mb) of 6.0 for North American stations (NAM) and 6.1
for world-wide station (USC&GS), whereas long-period seismograms
recorded at the same station from a nearby earthquake (shown in
Figure 1lb) exhibit conspicuous body wave arrivals despite the
smaller magnitude, 5.2 (NAM) and 5.5 (USC&GS) of the latter

event.

Work on the structure of the earth's crust beneath the
Montana LASA (Glover and Alexander, 1968) in addition to other
investigations has shown that pulse-like body waves incident
at the bzse of the crust are converted into longer trains of
arrivails at the surface by the complex structure of the crust.
The crustal transfer function for each station is a function of
epicentral distance and azimuth. This, in addition to the in-
creasing separation of phase arrival times with increasing dis-
tance from the source, suggests that seismograms from a given
location may exhibit sufficient character to enable the matched

filter technique to be successfully applied. Moreover, Alsop and
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Chander (1968) have showa theoretically that coupled PL modes may
be generated locally by body waves incident at the base of a plane
parallel layered structure such as the earth's crust. Since such
waves are themselves dispersive, this provides further motivation
for investigating a matched filter approcach, because matched fil-
tering takes the energy which is contained in the long wavetrain
and compresses it into a short pulse at the initial onset of the

event whereas the energy in the noise that is randomly distributed
is not compressed. Thus matched filtering effectively increases

the S/N ratio of such seismograms.

To determine the effectiveness of this technique, we first
set up synthetic test cases by burying a known earthquake signal
in long-pericd noise at various S/N ratios. We then used the
known earthquake signal as a matched filter. An optimum filter
length was determined from the results of this experiment, along
with an estimate of the minimum S/N ratio at which the technique
breaks down. The results from the synthetic cases were suffi-
encouraging to warrant proceeding to search for long-period
body waves from actual events. For actual events the results
are less encouraging. We attribute this in part to the lack of
sufficient available data from LASA. Only LASA data was con-
sidered because it is already in digital format and is best

suited for application of array summing techniques.

The first sections of this report deal with the methods and
results for the synthetic test cases, and the latter sections

deal with tle applicziion of the technique to observed data.
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METHOD OF ANALYSIS

The theory of matched filtering is well known and will not
be presented in detail here. The technique amounts to filtering
a time series x(t) = ay(t) + n(t) where n(t) is a random noise
process and a is a constant, with the known signal y(t). The
output of the filter, in the frequency domain, is(Alexander and
Rabenstine, 1967b)

wtd

C ey (8) = £ X (0) v* (w) e *%au

- 00

where X(w) frequency spectrum of the test seismogram

Y(w)

complex conjugate cf the spectrum of the
reference event.
The cross correlation ny(t) is a maximum when the reference

signal and the buried signal are aligned exactly.

For the case where the noise n(t) is stationary but not
white, Alexander and Rabenstine (1967a) developed a maximum-
likelihood matched filter, which in particular cases is more

effective than the usual i2ast-squares fiiter.

Matched filtering_}s effective in enhancing signal-to-noise
ratios because it compresses.a long wavetrain regular in phase
into a pulse‘of short duration, whereas the noise, which is
random in phiese, is not compressed. Alexander and Rabenstine
(1967b) proved that this is indeed the case for surface waves.
However body waves per se are not dispersive. Nevertheless
the suitc of body waves from an event may be considered as a
regular wavetrain, analogous to the surface waves. In addition,
consideration of the crustal transfer function at LASA (Glover
and Alexander, 1968) has shown that each pulse-like arrival at

the base of the crust is converted toc a longer train of arrivals
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at the surface. Matched filtering should then compress the
composite body wave signal into a short pulse at the onset of
the initial arrival of this wW3vetrain as is the result for

surface waves.

The filtering programs used in this study are those devel-

oped by Alexander and Rabenstine in their work on surface waves.
Signal Enhancement Criteria

Throughout this report, we adopted the following definition
of signal-+o-noise ratio,

_ -1
S/N = 1/2 Amax (RMS)

where Amax = maximum peak-to-peak amplitude of the signal and
RMS = root mean square amplitude of the noise. In the case of
the results from matched filtering, we applied an additional
constraint. The RMS amplitude of the noise on the filter:d
seismograms was computed over an interval preceeding the
expected arrival time of the signal, but sufficiently removed
from it so as to be unbiased by any ringing of the filter.

The signal peak-to-peak amplitude was computed from the maximum
amplitude in the filter output in a 100-200 seccnd window
around the expected arrival time. Only when the output wave-
form from the filter (or surmed filter outputs) resembled the
known autocorrelatioa function of the reference filter were

the computed S/N ratios considered meaningful.
Synthetic Test Cases
a) Method

We set up synthetic test cases by burying a known signal in
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LASA noise at selected S/N ratios. The reference signal (see
Figure 2) came from a magnitude 5.9 (NAM), 6.2 (USC&GS) event

in China,

Epicentral
Date Origin Time Location Depth _Distance
28 Sept 1966 14:00:22.9 27.4°N 100.1°E  33Km 105°

which was well recorded at IASA with S/N ratios of 12, 24, 44
for the pahses P, PP and SP respectively. A segment containing
the first 1000 seconds of this signal was buried in LASA wintEs
day noise, at S/N ratios of 0.8, 1, 2, 4, and 8. To do this,

we computed the RMS amplitude of 3100 seconds of noise and the
signal peak-to-peak amplitude from the maximum in the signal.
The signal was then scaled and added point for point over a 1000
point interval of the noise, commencing at point 2001 (the sam-
pPling rate of both noise and signal was 1 point,'sec). It

should be noted that the maximum arrival (the phase SP) which
was used for scaling is 2-4 times larger than the other major
arrivals included in the filter, so that the indicated signal-

to-noise ratios arevery conservative.

In all cases the known signal (or parts of it) was used
as the filter. Only subarrays in the A, E and F rings were
usad, partly to save computer time and partly because pre-
vious studies (Alexander and Rabenstine, 1967b; Hartenberger,
1967) have shown that beamforming the output from long-period
seismometers at LASA which are separated by more than 30 kilo-
meters results in noise reduction of approximately the square

of N, where N is the number of seismometers.
b) Determination of the "Optimum" filter
Using the test seismogram with a S/N ratio of 4, we

-5-




experimented with Xilters of various lengths. As predicted by
the theory (Turin, 1%0), the signal itself proved to be the
best filter. Matched filtering the band-passed (15-50 seconds)
seismograms increased the mean S/N ratio to 7.1 for each in-
dividual trace, whereas beamforming the matched filter output
of the nine channels gave a S/N ratio of 21.0, an increase of
almost the square root of N over the individual channels
matched filter outputs, and an improvement in S/N ratio of

17 over the mean 3/N of the individual raw traces. The peak
output of the filter, for both the individual channels and the
phased sum clearly fesémbles an autocorrelation function whose

location in time corresponds exactly to the known poirt at which

the buried signal commenced (Figure 3).

While the shorter filters did not achieve as large a S/N
ratio improvement, they nevertheless detected the buried sig-
nal. Figure 4 shows the results of filtering with a 740-point
filter and Figure 5 the results from a 270-point filter. 1In
both cases, the matched filter outputs from the individual
channels fail to locate unambiguously the onset of the buried
signal. However, phased summation of these outputs produces
very nearly the square root of N improvement in S/N ratio over
the mean of the individual channels, and the onset of the sig-
nal is clearly visible. The 270-point filter, which includes
only P as a major arrival, correlates not only with itself,
but with the later arrivals, PP and SP also (see Figure 5).
This suggests that énce a signal of interest has been detected
using the longer filter, a shorter filter containing the P
arrival and the interval prior to the next Principle arrival
may be used to determine the onset and polarity of the remain-

ing major arrivals in the buried signal.
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To investigate the dependence of the matched filter output on
the amplitude of the various arrivals which consitute the signal
we equalized the amplitude of each peak and ' trough in the filter
series. We did this by dividing each point in the filter by
the corresponding point in the envelope of the filter series. The
signal from the reference event (i.e., the filter) f(t) can be
represented in terms of its analytic signal (Bracewell, 1965,

p. 268)

£(t) = £(¢t) - i FHi(t)

where FH (t) is the Hilbert transform of f(t) or simply as

~

£(t) = v(t) eFFt
where & represents the mean frequency of the signal. Then, the

envelope function
2 2 5
E(t) = |V(£)] = (£7(8) + F, (¢))

The equal amplitude or level filter is by definition

z(t) = g{%%

Using the level filter Z(t) we hoped to adjust for variations

in signal amplitude_due to differences in relative excitation

of the various arrivals between the reference and unknown évents
which would tend to degrade the performance of the matched filter
technique.




When we applied this procedure the S/N ratios of the phased
sum outputs from the level filter were lower in all cases than
those obtained using the signal itself (see Figure 9), even when
the test seismograms were also amplitude equalizad. on the other
hand, matched filtering using the level filter is superior to
simply beamforr:ing the bandpass filtered seismograms, as

Figuwe 9 shows.

Various other filters were tried also; for example, we used
the interval between the p and PP arrivals and the interval
between PP and SP as filters. These are intervals which should
contain PL modes (Alsop and Chander, 1968). Each of these
performed less satisfactorily than the filters indicated above.

c) Evaluation of the Performance of the Matched Filter

Technique

In an effort to establish some threshold at which the matched
filter technique breaks down, we compared the S/N ratios of the
phased sum of the matched filter output of nine channels with
the phased sum of the individual band-passed (10-50 seconds)
traces containing the signal buried at various S/N ratios

(8, 4, 2, 1, .75), as shown in Figure 6.

The results from the matched filter program using the 1000
second filter are shown in Figure 7. As can be seen from this
figure, the technique breaks down below a S/N ratio of 1. For
comparison the results of straightforward beamforming the
band-passed traces from the same channels are shown in Figure 8.
The shifts applied in the latter case were based on the largest

pPeak in the whole signal as were the peak-to-peak amplitudes.

Figure 9 is a plot of s/N ratio of the matched filter

phased sum output versus S/N ratio of the phased sum of the

-8-




individual band-passed traces. The figure shows that matched
filtering the individual channels prior to beamforming increases
the S/N ratio by approximately a factor of 2 over beamforming

the raw data. This reflects the factor of 2 gain in S/N obtained
by matched filtering a single channel. 1In addition, the matched
filter output serves to identify the initial onset of the body
waves, whereas in the case of the phased sum traces (Figure 8)
only the largest phase (SP) is clearly visible at the lower S/N

ratios.

We also show in Figure 9 the results of matched filtering
with the level filter discussed above. On the basis of these

results the preferred filter is clearly the signal itself.
OBSERVED DATA

In order to evaluate the performance of the matched filter
on real data we looked for a sequence of events meeting the

following criteria:

i) A large magnitude event with a high S/N to use as
a reference event.
ii) sSeveral other events of lesser magnitudes but with

nearly identical epicenters.

From the LASA data available at the SDL, we were only able to
select one short sequence of events which met these requirements,
and this is only partially complete. These events are from the

Kurile Islands region; epicenter data are given in Table 1.

The event on April 1, 1967, at 12:23:35.5 was selected
as the filter for the region. The body wave magnitude of this
event is given as 5.9 by the USC&GS, and is 6.0 when computed
from the North American (NAM) stations. Surprisingly, the body
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wave magnitude at LASA, as given in the LASA Bulletin, is only 4.7.
This small magnitude is reflected in the long-period seismograms
(Figure 10) which show that the amplitude of the initial onset of
the P wave is well down in the noise. In spite of the unfavour-
able S/N ratios we were forced to use the body waves from this
event as our filter by the lack of an alternative single event

of sufficiently large magnitude.

The events listed in Table 1 included two earthquakes on
April 1, 19€7, whose origin times were 170 seconds apart. The
first of these had a body wave magnitude of 5.7 (USC&GS), 5.3
(NAM) , which was reported as 5.3 in the LASA Bulletin; the
second 5.5 (USC&GS), 5.2 (NAM) and 5.2 at LASA. The initial
onset of the first event is clearly visible (see Figure 11),
while the initial onset of the second is not. Even after band
pass filtering (10-50 seconds) and beamforming the nine seismo-
grams, the initial onset of the second event is not readily

discernible.

Using a 1080-second portion of the reference event as a
filter, which interval includes all the body wave arrivals from
P through S, matched filtering the individual seismograms from
the double event clearly indentifies the onset of the first
event. On beamforming the nine matched filter outputs, not
only is the onset of the first event visible, but a second
event is discernible with reversed polarity and lagged by 170
seconds with respect to the first. Although the matched filter
detected the onset of the first event, matched filtering and
then summing was inferior to plain beamforming in this case,

as is shown in Figure 1l.

The poor performance of the matched filter suggests that

there is considerable mismatch in waveform between the reference

-10-
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event and the unknown events. 1In an attempt to test the hypothesis,
we shortened the filter, first to 730 seconds and then again in
500 seconds. The 730-point filter, which contains the interval
from the initial onset up to and including S, did not improve the
signal-to-noise ratio of the phased sum of the matched filter out-
puts (see Figure 12). HoweQefzishortening the filter to 500
seconds, to include the principal P wave arrivals only, improves
the signal-to-noise ratio of the phased sim of the nine individual
channel matched filter Sutputs by a factor of 2, though it is
still considerably less than the improvement obtained by beam-

.+ forming the original nine band pass filtered seismograms. Using
the shorter filter, it is questionable whether or not we are

able to detect the onset Sf the second event (see Figure 12).

The better performance of the 500-second filter suggests
that there are differences between the reference event and the
unknown event(s) primarily associated with the later arrivals.
Since the later arrivals have larger amplitudes than the initial
onsets, we applied the equalized amplitude reference signal as
filter. The results are shown in Figure 13. The overall S/N
ratio is the same as that for the 1080 second filter. This
suggests that there may be significant differences in excita-
tion of the various body wave arrivals between the reference

event and the unknown event(s).

In an attempt to minimize the effect of a possible polarity
reversal between an arrival in the reference signal and the
corresponding arrival in the unknown event we replaced each
point in the filter and seismogram traces with its absolute
value prior to matched filtering. The original time series

£(t) then becomes lf(t)I.
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Hence for cases when an arrival in the unknown event has exactly
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opposite polarity from the corresponding arrival in the reference
event, rectifying both the filter and the raw seismogram trace
prior to matched filtering should considerably improve the S/N
ratio of the output. Although the rectified filter clearly
indentifies to onset of the first event, the S/N ratio of the
phases sum filter outputs is much lower than that obtained using

the other filters.

The matched filter results for the December 22, 1966, event
are shown in Figure 1l4. The magnitude of this event was variously
given as 5.2 (UsC&GS), 5.1 (NAM), and 5.4 (LASA). The phased
sum of 1080-point filter outputs shows a maximum at the expected
arrival time of P. However, there is a certain amount of.ring-
ing in of the filter. When the filter is shortened to 730 sec-
onds the output at the éxpected arrival time of P wave closely
resembles the autocorrelation function of the reference éiqnal,
although the signal-to-noise ratio of the phased sum matched
output is lower. There is alsc a se:ond autocorrelation-liké
output some 39 seconds later thun the initial onset, with re-
versed polarity. The sum output from the 500-second filter shows
considerable ringing. However, the output peaks at the predicted
onset of P. For comparison, we show the results of beamforming

the individual band-pass filtered {10-5C second) tracec.

Figure 15 shows the matched filter results from the event
on June 13, 1967, with boé wave magnitude given as 4.6 (USZ&GS) .
4.5 (NAM), and 4.9 (LAS2). All of the filters fail to identify
the preaicted onset of the event. Included in the figure is
the phased sum of the individual band pass filtered traces, which

also shows no discernible long-period body waves.
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We also tried the various filters on seismograms recorded at
LASA from the event on March 29, 1967, which had a body wave
magnitude of 4.4 (USC&GS), 4.4 (NAM), and 4.7 (LASA); and that of
April 19, 1967, (4.3 (UscsGS), 4.1 (NAM), and 4.0 (LASA)), whose
coordinates are liéted in Table 1. In all these cases we failed
to identify positively long-period body wave radiation coincident
with the arrival time for the initial onset, as can be seen from

Figures 16 and 17.

=13-




DISCUSSION !

. As can be seen from ghe preceding sections, the results we
obtained in this study are mixed. The synthetic test cases show
that when the signal used as the filter is identical with the un-
known signal the matched filter technigue alone is successful in
detecting the unknown signal at a minimum S/N ratio of 4. By
beamforming the matched filter outputs from the nine long-period
sensors in the A, E, and F rings at LASA, we were able to detect
the presence of the unknown signal at S/N ratios as low as 1. The
much poorer performance of the matched filter on observed data may
be attribured to differences within the wavetrain of the reference
event with respect to the unknown event, and/or the relative absence
c¢f long-period body wave radiation from the smaller events. In

v

this section we examine these alterratives.

The matched filter technique worked best on the seismograms
from the Kurile Island double evént. Using the whole suite of
arriv;ls P through S, we were able to detect both events, the
second with an apparent polarity reversal. However, the S/N ratio
of the matched filter sum trace for the first event was considerably
less than that obtained by straightforward beamforming the band
passed seismograms. This suggests that there is considerable mis-
match in waveform between the reference signal and the unknown
siqﬁals, even though the events occurred close together within the
saw: source region. Also, the marked improvement in S/N ratio
using the shorter 500-second filter suggests that the nismatch be-
comes more important when the latar phases, particularly s arrivals,
are included in the filter. The second event is not easily detected
from the individual traces, but after beamforming the matched filter
outputs it is.

The three events on April 1, 1967, have epicenters that are
within 55 km of one another. furthermore, the epicenters reported
by the USC&GS are all at the same depth, the P wave delays across
LASA being almost identical. Therefore the observed signal mismatch
is probably due to differences in relative excitaiion of the various

-14-~




arrivals between the events. Theoretically, we would expect this
difference to be createst for the S wave arrivals. However. we were
not able to eliminate the effect of the differences using the level
or rectified filters, which suggest that the differences may be more
complex than simple variations in amplitude or polarity reversals of
the arrivals.

The matched filter results from the December 22, 1966, event are
intoresting. The focal depth for this event is 77 km. It is located
some 350 km from the reference event; although the P wave delays across
LASA for the two events are equal to within 0.5 seconds. Using the
730-second filter, which includes the P through SKS arrivals, we
were able to detect long-period body wave radiation at the appropriate
times for both P and PcP. 'This is probably due to the fact that the
P-S interval is of very nearly the same duration as the PcP-SKS in-
terval at this particular distance and focal depth. The S/N ratio of
the matched filter outputs is low, and without prior knowledge of the
expected arrival time it is doubtful whether the onset would have been
recognized, particularly using the 500-second filter.

In the case of the three events with magnitudes less than 5, we
were unable to detect any long-period body wave radiation, either by
matched filtering or beamforming. This in part may be due to differ-
ences in epicenter location, particularly as they are at different
depths from the reference events. However, the partial success of
the matched filter on the 77 km deep event suggests that more probably
these events radiated only small amounts of energy in the pass band
of 10-50 seconds.

The failure of the matched filter below magnitude 5 leads to the
question of threshold. Obviously the main problems involved are
radiation pattern differences and differences in polarity from one
event to another. Relative time shifts of arrivals between the refer-
ence event and the unknown event will also tend to degrade the matched
‘filter performance, since the wavetrains no longer match exactly.
D.fferences in radiation pattern result in not only mismatch of the

. -
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wavetraians, but also in differences in reported body wave magnitudes.
Throughout this report we have given magnitudes based on the USC&GS
Bulletin, the North American stations reported in this Bulletin, and
the magnitudes reported from LASA. The variation indicates the
difficulty in assigning a threshold. Our results (see Figure 18)
indicate that the threshold for detection is somewhere around m = 5
for the Kurile Islands in terms of USC&GS magnitudes. It is impossible
to express this result in terms of LASA magnitudes since the LASA
magnitude (mb) of the reference event as reported is less than 5.

Finally we used the portions of the filter between the principle
arrivals as our filter in several instances. These intervals are the
cnes in which PL modes are most likely to occur. We found no evidence
that these sections alone improved our ability to detect long-period
erergy. Nor did simply shortening this interval to bring the principle
phases in the filte. into alignment with the predicted arrival times
of the unknown event produce any significant improvement in S/N ratio
for the smaller (mb<5) events.

The long-period body wave matched filter technique, although it
is not as effective as the surface wave technique in terms of detect-
ing whether or not an event occurred in a particular region, may
constitute an improtant tool for the classification of events. If any
long-period body waves are found, their presence would indicate that
the event is an earthquake, since long-period teleseismic P waves
have not been observed for explosions. Moreover, the method is cheap
in terms of computer time and could be incorporated in an on-line
detection system. The ultimate goal should be a system in which,
once an event has been detected and located by other means, a long-
period body wave matched filter could be quickly and inexpensively
applied to determine the Presence or absence of long-period body wave
radiation. Then if any long-period body wave radiation was found

the event could immediately be classified as "probable earthquake".

=16~
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CONCLUSIONS
From the results of this study we conclude:

l. For cases where the unknown signal and the reference signal
are very similar in waveform the matched filter works well.

2. For input S/N ratios less than 4, array summing of the in-
dividual match filter outputs is required to observe long-period body
wave radiation.

3. Ideally, beamforming the matched filter outputs improves
the S/N ratio by a factor of 2 (6db) over beamforming the bandpass
filtered seismograms.

4. Using observed data, the threshold for detection of long-
peried body waves from events in the Kurile Islands at depths less
than 80 km is probably around magnitude 5 (mb), using 9 elements of
LASA. The best results are likely to be obtained when the depth of
the re“erence event and the unknown event are the same.

5. The matched filter technique works best when only the P
wave a1 ’'vals are used..

6. It would not appear legitimate to include portions of the
seismogram after the S arrival time, and attribute the output to the
presence of long-period body waves, since we know that higher mode
surface waves have S wave velocities as an upper bound and may be
present in the record anywhere after the S arrival.

7. Despite several attempts to use only "interphase" (PL)
portions as a reference filter we found no evidence that using these
PL portions of the record alone improved our ability to discern the
presence of long-period energy.

8. Amplitude equalization is not an effective means of impro-
ving the performance of the matched filter, probably because weaker
portions of the reference signal contain noise which we build up by

this procedure.

9. Many more events must be analyzed bef re a reliable thres-
hold for detection of long-period body waves at LASA can be established.
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RECOMMENDATIONS

In view of the partial success of the matched filter technique
reported here we recommend:

i) Events from other seismic areas should be studied. For
example, we believe that suitable sequences of events could probably
be found from Mongolia, the Rat Islands, and possibly Hokkaido.

ii) Other arrays, such as TFO, and the LRSM stations should be

- used and incorporated into a continental-size array.

iii) A study should be made to determine the relative excitation
of long-period body waves as a function of depth and magnitude for
particular regions of interest.
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Log S/N Ratio (Z 9 Channels)
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Figure 18. Graph showing S/N ratios obtained by matched
filtering as a function of body wave magnitude
(m,.)
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